A gene encoding 1,3-β-glucanase was isolated from Streptomyces sioyaensis based on an activity plate assay. Analysis of the deduced amino acid sequence of the gene revealed that the matured 1,3-β-glucanase has two functional domains separated by a stretch of nine glycine residues. The N-terminal domain shares sequence similarity with bacterial endo-1,3-β-glucanases classified in glycosyl hydrolase family 16 (GHF 16), while the C-terminal domain is a putative carbohydrate-binding module (CBM) grouped into CBM family 6. To characterize the function of each domain, both the full-length and the CBM-truncated versions of the protein were expressed in Escherichia coli and purified to homogeneity. Biochemical data suggest that the glycosyl hydrolase domain preferentially catalyses the hydrolysis of glucans with 1,3-β linkage, and has an endolytic mode of action. Binding assay indicated that the C-terminal CBM binds to various insoluble β-glucans (1,3-, 1,3-1,4-and 1,4- linkages) but not to xylan, a primary binding target for most members of CBM family 6. The full-length and the CBM-truncated proteins had similar specific activity (units per mol of hydrolase domain) on soluble 1,3-β-glucan, whereas the former had much stronger specific activity on insoluble 1,3-β-glucans, suggesting that the C-terminal CBM enhances the activity of the S. sioyaensis 1,3-β-glucanase against insoluble substrates, presumably by increasing the frequency of encounter events between the hydrolase domain and the substrate.
INTRODUCTION
The glucan endo-1,3-β--glucosidases, classified as endo-1,3-β-glucanases (EC 3.2;1.39) and exo-1,3-β-glucanases (EC 3.2.1.58), are widely distributed among higher plants, fungi and bacteria. This class of enzyme catalyses the hydrolysis of 1,3-β--glucosidic linkages in 1,3-β--glucan, which is the main constituent of fungal Abbreviations : CBM, carbohydrate-binding module ; GHF, glucosyl hydrolase family ; LC/MS, liquid chromatography/mass spectrometry.
The GenBank accession number for the sequence reported in this paper is AF21741.
cell walls and a major structural and storage polysaccharide (laminarin) of marine macro-algae. In plants, it may be involved in defence against pathogenic fungi through its ability to degrade fungal cell walls (Castresana et al., 1990 ; Grenier et al., 1993 ; Yi & Hwang, 1997) . In fungi, it may play a role in cell expansion, cell-cell fusion and spore release (de la Cruz et al., 1995) . In bacteria, it is related to the assimilation of fungal cell walls as a food source (Watanabe et al., 1992) . Recently, the first viral 1,3-β-glucanase, from chlorella virus PBCV-1, was described (Sun et al., 2000) .
The genes encoding endo-1,3-β-glucanase have been cloned and sequenced from a variety of plants (Buc-1,3-β-Glucanase has several potential applications in biotechnology, such as utilization in the production of yeast extract (Ryan & Ward, 1985) , and of soluble 1,3-β-glucans that could act as immunoactivators (Mohagheghpour et al., 1995 ; Rios-Hernandez et al., 1994) . It also exhibits antifungal activity for disease protection in plants (Castresana et al., 1990 ; Grenier et al., 1993 ; Yi & Hwang, 1997) . Recently, we have isolated a Streptomyces sioyaensis strain that exhibits antagonism against several fungal pathogens such as Pythium aphanidermatum, Colletotrichum higginsianum, Acremonium lactucum and Fusarium oxysporum (Chen et al., 2000) . To study the enzyme that may be used by this S. sioyaensis strain for the hydrolysis of fungal cell walls, we set out to clone the gene of 1,3-β-glucanase from this bacterium and to characterize the recombinant gene product.
METHODS
Materials. The 1,3-β-Glucans laminarin (from Laminaria digitata), curdlan (from Alcaligenes faecalis) and zymosan A (from Saccharomyces cerevisiae) were purchased from Sigma ; pachyman was prepared from commercial fruiting bodies of the basidiomycete Poria cocos. Xylan, carboxymethylcellulose (CMC) and glucans with other glucosidic linkages such as lichenan (1,3-1,4-β-) , cellulose (1,4-β-), amylose (1,4-α-) and β-cyclodextrin (1,6-β-) were also purchased from Sigma. The extraction and manipulation of DNA were performed by standard protocols (Sambrook et al., 1989) . A chromosomal DNA library of S. sioyaensis was created by inserting BamHIcut DNA fragments (3-10 kb) into pUC18. The DNA library was then introduced into E. coli XL-1 Blue cells, and the cells were selected for growing on Luria-Bertani (LB) agar plates containing ampicillin (100 µg ml − "), IPTG (0n25 mM) and XGal (0n004 %, w\v). White colonies were then transferred onto agar medium containing curdlan (0n2%, w\v) and aniline blue (0n005 %, w\v) for screening the 1,3-β-glucanase-producing cells based on formation of a halo around the positive colony (Mahasneh & Stewart, 1980) . Nucleotide sequence determination. Both strands of the entire "3n1 kb DNA fragment containing the coding region for 1,3-β-glucanase were sequenced on an ABI Prism 377-96 auto sequencer (Perkin-Elmer) with the BigDye terminator cycle sequencing ready reaction kit (Perkin-Elmer). The nucleotide sequence of the 3n1 kb DNA fragment and the deduced amino acid sequence of the endo-1,3-β-glucanase are deposited in GenBank with the accession number AF217415. Construction of 1,3-β-glucanase expression vectors. A putative ORF of 1437 bp was found within the cloned "3n1 kb DNA fragment. Primers 5h-GTCCGAATTCCCGAGAGG CCA-3h and 5h-CAGTTAAGCTTCTGGTGCAGCACGC-3h were designed to amplify the putative ORF in a 50 µl PCR reaction buffer containing primers (0n32 µM each), dNTP (0n2 mM each) and 2n5 units Pfu polymerase. The sequences in italic within the primers are the engineered cutting sites of EcoRI and HindIII, respectively, while the underlined sequence represents the putative ribosome-binding site. The PCR thermocycling was carried out for 35 cycles (94 mC, 1 min ; 56 mC, 1 min ; 72 mC, 3n5 min) followed by a 10 min extension at 72 mC. Another pair of primers, 5h-GTCCGAAT-TCCCGAGAGGCCA-3h and 5h-CCCGAAAGCTTGTCAC-CTGGACG-3h, was used to amplify a 3h-deleted DNA fragment ("1n1 kb) under the same PCR conditions as described above. The amplified DNA fragments were cut with HindIII and EcoRI and then inserted into pUC18, to become expression vectors for the full-length and the C-terminally truncated enzymes, respectively. Expression of 1,3-β-glucanase. A 2-ml overnight culture of E. coli CodonPlus cells harbouring expression vector was transferred into 200 ml LB medium containing ampicillin (100 µg ml − ") and chloramphenicol (34 µg ml − ") and shaken vigorously at 37 mC. To induce the expression of recombinant proteins, IPTG was added to a final concentration of 0n25 mM at a cell density of OD '!! "0n5 and the cultivation was continued for 15 h at 32 mC. Cells were then harvested by centrifugation (13 000 g, 10 min), suspended in hypertonic buffer (20 % sucrose, 33 mM Tris\HCl pH 7n0, 0n1 mM EDTA) and then osmotically shocked by replacing the buffer with 0n5 mM MgCl # as described by Nossal & Heppel (1966) to obtain the periplasmic proteins. Purification of the recombinant proteins. The periplasmic proteins in sodium acetate buffer (pH 4n0, 10 mM) were first applied to a HiTrap SP column (Pharmacia) that had been equilibrated with the same buffer. While most of the E. coli proteins adsorbed onto the column, the proteins with 1,3-β-glucanase activity came out directly. The sodium acetate buffer of the enzyme solution was then replaced with potassium phosphate buffer (10 mM, pH 8n0) and the solution applied to a HiTrap Q column (Pharmacia). The proteins adsorbed on the column were eluted with NaCl-containing buffer in a stepwise manner. The activity of 1,3-β-glucanase was found in three fractions after HiTrap Q chromatography. A degraded form of the enzyme with an apparent molecular mass of 37 kDa (designated as Curd3) was found in the flowthrough fraction ; another degraded enzyme with an apparent molecular mass of 41 kDa (designated as Curd2) and the matured full-length enzyme (53 kDa, designated as Curd1) were eluted with buffer containing 50 mM and 200 mM NaCl, respectively. Both Curd2 and Curd3 were homogeneous after the HiTrap Q step. To further purify Curd1, the buffer of the enzyme was replaced with potassium phosphate buffer (50 mM, pH 8n0) containing 1 M ammonium sulfate, and the mixture was applied to an octyl-Sepharose (Pharmacia) 1,3-β-Glucanase of Streptomyces sioyaensis column. The hydrophobic column was washed with potassium phosphate buffer (50 mM, pH 8n0), and Curd1 was subsequently eluted with phosphate buffer (50 mM, pH 8n0) containing ethylene glycol (60 %, v\v). The C-terminal carbohydrate-binding module (CBM)-truncated protein (designated as CT) was purified by the same procedure as used for Curd3. The authentic molecular masses of Curd1 and CT were subsequently determined by LC\MS. N-terminal amino acid sequence. The N-terminal amino acid sequences of the proteins were determined with a gas-phase protein sequencer (Applied Biosystems, model 476A). Enzyme activity assay. Unless otherwise stated, the standard activity assay for 1,3-β-glucanase was carried out at 65 mC for 5 min, using 0n5% (w\v) laminarin in 50 mM sodium acetate buffer (pH 5n5). The glucose equivalents released from enzyme reactions were determined colorimetrically by the dinitrosalicylic acid method (Wood & Bhat, 1988) . One unit of activity is defined as the amount of enzyme required to release 1 µmol glucose equivalents min − " under the reaction conditions described above. Protein concentration was determined by the Coomassie blue method (Bradford, 1976 ) using bovine serum albumin as the standard. To determine the kinetic constants, the initial velocity at varying laminarin concentration was measured, and the values of K m and V max were obtained from a Lineweaver-Burk plot.
Detection of 1,3-β-glucanase on SDS-PAGE by activity staining. The protein samples were heated at 96 mC for 3 min in loading buffer before they were separated on SDS-PAGE (10 %, w\v, acrylamide). The separated proteins were then renatured by soaking the gel successively once in potassium phosphate buffer (50 mM, pH 7n0) containing 2-propanol (25 %, v\v) , and twice in potassium phosphate buffer (50 mM, pH 7n0). Each soaking lasted for 30 min at room temperature. The gel was then overlaid with an 8 mm-thick agarose gel (2 %, w\v) containing 0n5% (w\v) pachyman. After 12 h incubation at 37 mC, the proteins on the polyacrylamide gel were visualized by Coomassie blue staining, and the agarose gel was stained with Congo red (Be! guin, 1983) . The activity of 1,3-β-glucanase was evidenced by the formation of a clear band against the dark brownish background on the agarose gel. Binding activity assays. Binding activity of the 1,3-β-glucanase to insoluble polysaccharides was assessed by mixing 0n6 µg of the purified enzymes with various insoluble polysaccharides (2 mg) in 1n0 ml 50 mM sodium acetate buffer (pH 5n5) at 4 mC for 1 h. After centrifugation (1000 g, 5 min), the residual activity for laminarin hydrolysis in the supernatant was determined. A decrease of the enzymic activity in the supernatant indicates that a fraction of the enzyme is bound to the insoluble polysaccharides (Yamamoto et al., 1998) . The affinity electrophoresis method using polyacrylamide gels containing soluble polysaccharide (Tomme et al., 1996) was applied to analyse the binding potency of protein samples to soluble polysaccharides. To prepare polysaccharide-containing gels, soluble glucan (final concentration 0n1%, w\v) was added to the separating gel mixtures (7n5 % acrylamide) prior to polymerization. Lichenan and xylan were heated at 70 mC for 20 min and 100 mC for 10 min, respectively, to increase their solubility before they were added into separating gel mixtures. Native polyacrylamide gels, with and without polysaccharide, were polymerized side-by-side, separated by an internal spacer, within the same glass plates. Each protein sample (2 µg) was loaded into gels, with and without polysaccharide, and run at 4 mC, 80 V, until the tracking dye was 2 cm from the bottom of the gel. After electrophoresis, proteins were visualized by Coomassie blue staining.
Detection of hydrolytic products. The hydrolytic products of laminarin after treatment with 1,3-β-glucanase were determined by TLC. The purified enzyme (0n6 µg) and laminarin (0n5%, w\v) were incubated in 1 ml sodium acetate buffer (50 mM, pH 5n5) at 65 mC for various time intervals. The reaction was stopped by repeated extraction with phenol\ chloroform (1 : 1, v\v). Each 10 µl volume of the reaction products was then spotted on a silica plate (silica gel 60, Merck), developed with ethyl acetate\acetic acid\water (2 : 1 : 1, by vol.) (Sakellaris et al., 1990) , and visualized by panisaldehyde (Fried & Sherma, 1982) .
RESULTS

Cloning and sequence analysis of the endo-1,3-β-glucanase gene
The ability of S. sioyaensis to secrete 1,3-β-glucanase was first demonstrated by the formation of a distinct halo around bacterial colonies grown on solid medium containing curdlan and aniline blue. To clone the gene encoding the 1,3-β-glucanase, the chromosomal DNA from S. sioyaensis was partially digested by BamHI, inserted into pUC18, and transformed into E. coli. The white colonies of transformants on agar plates containing X-Gal, IPTG and ampicillin were then screened for 1,3-β-glucanase activity by growing cells on agar plates containing curdlan and aniline blue. One out of approximately 6000 white colonies was considered to be a positive clone as evidenced by the surrounding halo. This positive clone contains a "3n1 kb DNA fragment from S. sioyaensis. Determination of the nucleotide sequence of the entire DNA fragment revealed an ORF which may encode a protein of 478 amino acids with a calculated molecular mass of 49 kDa.
Analysis of the deduced amino acid sequence of the ORF revealed that the N terminus of the putative 1,3-β-glucanase contains a typical signal peptide sequence and a predicted cleavage site for processing between Ala-48 and Ser-49 according to the method developed by von Heijne (1986) . A similarity search based on the  program (Altschul et al., 1997) showed that the sequence following the signal peptide may represent a catalytic domain with 1,3-β-glucanase activity classified in GHF 16 (Fig. 1a) . The sequence at the C terminus is predicted to form a potential CBM similar to members of CBM family 6 found in several xylanases (Fig. 1b) . Between these two functional domains is a polyglycine sequence.
Expression and purification of the S. sioyaensis 1,3-β-glucanase
To confirm that the ORF actually encodes a 1,3-β-glucanase, a DNA fragment containing the ORF was amplified by PCR and transferred into E. coli for protein expression. After induction with IPTG, the proteins in the periplasmic space were analysed for 1,3-β-glucanase activity (Fig. 2) . Surprisingly,1,3-β-glucanase activity was identified for proteins of at least three different sizes. The proteins with smaller sizes (Curd2 and Curd3) are presumably the degraded fragments of the matured full-length 1,3-β-glucanase (Curd1), since the E. coli host does not have its own 1,3-β-glucanase. A DNA fragment containing a 3h-deleted ORF was amplified by PCR and transferred into E. coli. This shorter ORF is assumed to encode a C-terminally truncated 1,3-β-glucanase (CT, 325 amino acids) that no longer contains the potential CBM. After induction with IPTG, the deleted ORF produced only one periplasmic protein exhibiting 1,3-β-glucanase activity (Fig. 2) . The above results indicate that the cloned S. sioyaensis gene indeed encodes a 1,3-β-glucanase and that the signal peptide was able to direct the enzyme into the periplasm of E. coli cells. If the signal peptide was processed exactly at the predicted cutting site, the molecular masses of Curd1 and CT should be 44n6 and 29n4 kDa, respectively, which are smaller than the apparent molecular masses estimated from SDS-PAGE (Fig. 2) .
A purification procedure was set up to purify the E. coliexpressed 1,3-β-glucanase. Curd3 (apparent molecular mass 37 kDa) and Curd2 (apparent molecular mass 41 kDa) could be purified by SP and Q column chromatography, while Curd1 (apparent molecular mass 53 kDa) could be purified by an additional hydrophobic interaction column step (Fig. 3) . The yields of the enzymic activity were 20 % for Curd3, 25 % for Curd2 and 15 % for Curd1, taking the total activity in the periplasm as 100 %. CT could be purified by the same procedure as Curd3 and they had similar apparent molecular masses on SDS-PAGE (Fig. 3) . The identical amino acid sequence at the N termini (SAPAPPSGW-SQVFLD---) of Curd1, Curd2 and Curd3 suggests that (1) the signal peptide was processed at the predicted site, and (2) Curd2 and Curd3 resulted from the removal of the C-terminal sequence by E. coli proteinase. To resolve the inconsistent molecular mass observed on SDS-PAGE, the purified Curd1 and CT were subjected to LC\MS, and their authentic molecular masses were measured to be 44n611 and 29n366 kDa, respectively, consistent with the calculated values. The S. sioyaensis glucanase therefore must have an unusual shape which causes a decreased motility during electrophoresis. 
Characterization of enzyme properties
The general properties including the optimal working pH and temperature of the isolated 1,3-β-glucanase from S. sioyaensis were investigated with laminarin as the substrate. Over the investigated pH range (glycine\HCl, pH 3 ; sodium acetate, pH 4-6 ; potassium phosphate, pH 7-8 ; glycine\NaOH, pH 9), the enzyme exhibited optimum activity at pH 5n5. It was most active at 75 mC for a 5 min reaction at pH 5n5. The half-life of the enzyme was "70 min at 70 mC. Similar activity-pH profiles and temperature dependence were observed for Curd1, Curd2, Curd3 and CT. To examine the substrate specificity of the 1,3-β-glucanase, various polysaccharides were tested at a concentration of 5 mg ml −" . The results ( The enzymic reaction was carried out at 65 mC for 5 min by incubating 0n5 µg purified enzyme with 0n5% (w\v) substrate in a final 1 ml buffer solution. Curd1 is the matured full-length 1,3-β-glucanase ; CT is a C-terminally truncated enzyme without the CBM domain. The results are means of three independent experiments, with  in parentheses. , No detectable activity. No activity was detected with cellulose, CMC, xylan, amylose, starch or β-cyclodextrin (data not shown).
Substrate Main linkage (monomer) Specific activity [units nmol protein)
* Lichenan was heated at 70 mC for 20 min before the enzymic reaction took place. Activity against lichenan was not detectable without the pretreatment.
showed that 1,3-β-glucans (including laminarin, curdlan and pachyman) were the most favourable substrates, while 1,3-1,4-β-glucan (lichenan) was hydrolysed to a lesser extent. It should be noted that lichenan needs to be pretreated (70 mC, 20 min) to be hydrolysed by the S. sioyaensis enzyme. Zymosan A was a relatively poor substrate among the β-1,3-glucans tested. The enzyme did not show detectable activity against the remaining polysaccharides.
The specific activity [units (nmol protein) −" ] of CT on soluble β-1,3-glucan (laminarin) was slightly higher than that of Curd1. The K m values were determined to be 9 and 15 mg ml −" , respectively, for CT and Curd1, suggesting that the C-terminal CBM may have a negative influence on the catalytically relevant binding of laminarin. The respective V max values were 96 and 79 units (nmol protein) −" for Curd1 and CT. On the other hand, Curd1 had much stronger specific activity than CT on insoluble substrates (curdlan and pachyman), implying that the C-terminal CBM plays a positive role in the hydrolysis of such substrates. Curd2 and Curd3 behaved similarly to CT with respect to substrate specificity and specific activity (data not shown).
To determine the mode of action, the digested products of laminarin were analysed by TLC (Fig. 4) . Initially, products larger than laminaribiose appeared. As the reaction proceeded, glucose and laminaribiose gradually accumulated. Curd1, Curd2, Curd3 and CT all had similar patterns (data not shown). This demonstrates that the S. sioyaensis enzyme is an endo-1,3-β-glucanase.
Polysaccharide-binding activity of the C-terminal CBM
Two approaches were taken to explore the polysaccharide-binding function of the C-terminal CBM. In the first, the purified enzymes were incubated with various insoluble polysaccharides at 4 mC for 1 h, and the residual enzymic activity in the supernatant was then Laminarin was subjected to hydrolysis by Curd1 at 65 mC for the indicated times. The reaction products were then analysed as described in Methods. Glucose (G) and laminaribiose (G 2 ) were used as standards. The binding assay was carried out by mixing purified enzymes with various insoluble polysaccharides at 4 mC for 1 h as described in Methods. The enzymic activity against laminarin remaining in the supernatant was determined and compared to the original activity of each enzyme preparation, and is shown as recovered enzyme activity ( %). Data are means of three independent experiments. determined ( Table 2 ). The extent of the decrease of enzymic activity in the supernatant is an index of the binding affinity of the enzyme to the insoluble polysaccharides. No glucose equivalent was released during the 1 h incubation at 4 mC. In general, Curd1 had a much stronger binding activity than the C-terminally truncated proteins to β-glucans with various glucosidic linkages. Xylan was a poor binding substrate in this case. In the second approach, the binding ability to soluble polysaccharides was assessed by a gel affinity electrophoresis method, in which the motility of a protein is slowed down due to its binding to the polysaccharide embedded in the polyacrylamide gel. Under the assay conditions described in Methods, laminarin slowed the migration rate of Curd1 but had no effect on CT (Fig. 5) , suggesting that the C-terminal CBM binds more strongly to laminarin than the glycosyl hydrolase domain. Curd1 did not seem to bind lichenan in this assay, inconsistent with the result shown in Table 2 . A possible conformational change of lichenan due to the heat treatment in the preparation of affinity gels may explain this incompatible result. CMC and xylan did not slow the motility of Curd1 or CT, indicating that neither the glycosyl hydrolase domain nor the C-terminal CBM binds significantly to soluble 1,4-β-glucans. Taken together, the binding data indicate that the function of the C-terminal CBM is to bind to various insoluble and soluble 1,3-β-glucans.
Polysaccharide
DISCUSSION
Our S. sioyaensis strain is antagonistic to several plantpathogenic fungi (Chen et al., 2000) . Antimicrobial substances and enzymes such as 1,3-β-glucanase may contribute to its antagonism. In this study, a DNA fragment encoding 1,3-β-glucanase was cloned from this S. sioyaensis strain. According to the deduced amino acid sequence, this 1,3-β-glucanase contains three func-1,3-β-Glucanase of Streptomyces sioyaensis tional regions : an N-terminal leader sequence, a glycosyl hydrolase domain and a C-terminal CBM domain. A segment containing a stretch of nine consecutive glycine residues followed by a threonine-and proline-rich sequence lies between the hydrolase and the C-terminal CBM domains. This presumably flexible segment may serve as a linker connecting the two neighbouring domains. A similar linker structure has been found in the cellulase from Cellvibrio mixtus (Fontes et al., 1998) . We expressed the Streptomyces enzyme in E. coli, purified it to homogeneity and characterized the respective properties of each domain.
The N-terminal leader sequence was processed properly in E. coli, and could direct the recombinant proteins into the periplasmic space. In addition to the matured fulllength protein (Curd1), two smaller protein fragments (Curd2 and Curd3) were produced. Curd2 and Curd3 are proposed to be the C-terminally truncated versions of Curd1 because all three proteins have identical Nterminal amino acid sequences and similar activity, pH and temperature profiles ; moreover, Curd3 and CT had very similar apparent molecular masses, activity profiles and substrate preferences. We hypothesize that the Streptomyces 1,3-β-glucanase was subjected to attacks by E. coli proteinases at the linker region when secreted into the periplasmic space. The expression of the 1,3-β-glucanase of B. circulans WL-12 (Watanabe et al., 1992) and of T. neapolitana (Zverlov et al., 1997) in E. coli cells also resulted in the production of multiple forms of the recombinant protein.
The glycosyl hydrolase domain shares sequence similarity with bacterial 1,3-β-glucanases of GHF 16 (Fig. 1a) and contains a conserved GELDIME motif, whose catalytic importance has been suggested by the crystal structure of a Bacillus 1,3-1,4-β-glucanase (Keitel et al., 1993 ; Hahn et al., 1995) , and by mutational analyses of 1,3-1,4-β-glucanase (Juncosa et al., 1994) and laminarinase (Krah et al., 1998) . Two subfamilies, 1,3-1,4-β-glucanases (licheninases) (EC 3.2.1.73) and 1,3-β-glucanases (EC 3.2.1.39), are classified within GHF 16 based mainly on substrate specificity. Licheninase catalyses the hydrolysis of 1,4-β-glucosidic linkages only when the glucosyl residue is itself linked at the O-3 position, whereas 1,3-β-glucanase primarily catalyses the hydrolysis of 1,3-β-glucosidic linkages in 1,3-β-glucans. The S. sioyaensis glucanase efficiently catalyses the hydrolysis of 1,3-β-glucans of various origins except zymosan A. In comparison to 1,3-β-glucans, lichenan was hydrolysed at a relatively slower rate. Taken together with the enzyme's endolytic mode of action, we conclude that the glycosyl hydrolase domain should be classified as an endo-1,3-β-glucanase (EC 3.2.1;39). Similar substrate preference has been found in other bacterial 1,3-β-glucanases such as those from B. circulans (Okada et al., 1995 ; Yahata et al., 1990) , P. furiosus (Gueguen et al., 1997) , Cellvibrio mixtus (Sakellaris et al., 1990) and T. neapolitana (Zverlov et al., 1997) . domain on laminarin, displays a high degree of homology with the CBMs classified in family 6 (Fig. 6 ). In general, members of CBM family 6 are linked to the xylanase domain and bind to xylan. For example, the CBM of Clostridium stercorarium xylanase A binds xylan and plays an important role in xylan hydrolysis (Sun et al., 1998) . To our knowledge, the CBM of the Streptomyces 1,3-β-glucanase is the first instance of a family 6 CBM that associates with a 1,3-β-glucanase domain. Binding assays demonstrated the binding of the C-terminal CBM to insoluble β-glucans not only with 1,3-but also with 1,3-1,4-and 1,4-linkages (Table 2) . The strong binding of the C-terminal CBM to curdlan and pachyman probably accounts for the increase of the specific activities of Curd1 against these insoluble substrates, presumably by increasing the frequency of encounter events between the hydrolase domain and the substrates. A similar effect has been identified for Lam16A from T. neapolitana in that the presence of CBM4-2 enhanced the Lam16A activity towards gelatinized and insoluble or mixed-linkage 1,3-β-glucan
